A B S T R A C T A rapid-reaction parallel-plate flow channel was used to study the kinetics of erythrocyte sickling upon sudden deoxygenation with sodium dithionite. The erythrocytes were recorded on 16-mm film or video tape and visually tracked in time. Sickling was identified by morphologic criteria. At the flow rate used in these studies, the rate of sickling was a reactionlimited process. There was no loss of cellular deformability or membrane flicker before the onset of sickling. Typical sickling times for sickle (SS) cells and trait (AS) cells at room temperature in isotonic buffer were 2.0 and 70 s, respectively. Increasing the buffer osmolality resulted in shorter sickling times and under hypctonic conditions the time required for sickling was prolonged. Between pH 6.4 and 7.0 there was little change in the time required for 50% of the originally discoidal cells to sickle (t5o) ; whereas a marked increase in tho occurred between pH 7.4 and 7.6. Whole populations of AS and SS erythrocytes were separated into three fractions after centrifugation. The tro of the fractions progressively decreased from top to bottom, wvhich paralleled an increase in mean corpuscular hemoglobin concentration (MCHC). The too decreased as the temperature was increased from 130 to 340C. This temperature effect was more pronounced for cells that had osmotically induced reductions in MICHC. A two-step process for erythrocyte sickling is proposed: an initial lag phase, during which there is little or no change in internal viscosity, followed by a rapid phase of cellular deformation. The lag phase is altered by changes in M\CHC, pH, and temperature.
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INTRODUCTION
Studies on the time required for in vitro erythrocyte sickling have often failed to distinguish between diffusion-limited and reaction-limited processes. In the former, the time for sickling is limited by the time required to remove oxygen from the red cells. Ideally, measurement of sickling times should be made in a reaction-limited system, i.e., oxygen removal is completed much sooner than the gelation of sickle hemoglobin.
Visual (1, 2) and viscometric (3) determinations of erythrocyte sickling in diffusion-limited systems have yielded sickling times between 1 and 30 min. Padilla et al. (4) observed individual sickle erythrocytes during a 1-h period of deoxygenation, and defined the sickling time as the interval between loss of red cell membrane flicker and the completion of deformation into the sickle shape. In their studies, the sickling time was between 10 and 15 s. Messer and Harris (5) used a continuous flow rapid-reaction apparatus to accomplish sudden deoxygenation with dithionite. In contrast to the studies of sickling in diffusion-limited systems, they observed a decrease in filterability of sickle erythrocvtes within 0.12 s after sudden deoxygenation, which suggested that deoxygenation and altered rheology occurred almost simultaneously. However, morphologic distortion could not be detected for several seconds after sudden deoxygenation. On the other hand, Rampling and Sirs (6), using a continuous flow rapid-reaction device, which allowed rapid cell fixation, observed the production of "bizarre-shaped" erythrocytes within 0.03 s after the removal of oxygen.
The purpose of the present study was to determine the sickling time of individual erythrocytes at zero Po2 in a reaction-limited system that did not require fixation of red cells for morphologic analysis. To this end, a rapid-reaction parallel-plate flow channel was designed that allowed the observation of individual erythrocytes throughout deoxygenation and the sickling process. In the course of this research, a criterion for the determination of the sickling time for an individual cell was established; and the effect of osmolality, pH, temperature, and mean corpuscular hemoglobin concentration (MCHC)1 on the kinetics of erythrocyte sickling was studied. concentration is 1.44 X 10' M while the concentration of oxygen in water at 1 atm at 230C is 2.43 X 10' M-a ratio of 60: 1). Deaeration of PBS before the addition of sodium dithionite minimized the formation of products of oxidation of dithionite, such as hydrogen peroxide. The pH and osmolality of the deoxygenated solution were adjusted to equal that of the suspending buffer. In one series of experiments, the dithionite concentration was reduced to 25, 12.5, 5, and 2% of the "standard" (2.5 g/liter) concentration.
METHODS
Flow channel. A rapid-reaction parallel-plate flow channel shown in Fig. 1 was used to remove oxygen from sickle cells adhering to a glass cover slip that forms the top surface of the channel. The flow channel base plate shown in the figure is fabricated of i-in Plexiglas (Rohm and Haas Co., Philadelphia, Pa.). Three Becton-Dickinson three-way valves (Becton-Dickinson & Co., Rutherford, N. J.) are threaded and screwed into the Plexiglas. A Teflon plug is inserted to insure an air-tight fit between the valves and the A-in ID inlet and outlet tubes.
The channel itself is formed by placing a 500-pim thick Parafilm gasket (American Can Co., New York) on the base plate, which just barely extends to encompass the inlet and outlet holes in the base plate. The dimensions of the channel formed by the gasket are 4.1 X 0.95 cm. The base plate-gasket-cover slip "sandwich" is secured with a stainless steel clamping plate that mounts on the Plexiglas base plate with bolts. The system was assembled completely under water. Before removal from water, all valves were closed to give a completely filled channel. Water was flushed through all valves and the inlet and outlet tubes in the base plate. Finally, the channel was carefully examined for any signs of air bubbles. The threevalve design (with upstream inlet and side valves and a downstream outlet valve-see Fig. 1 and the following flushing sequence was initiated: a slow 5-min flush (1 ml/min) through the inlet and side outlet of the three-way upstream valve with side stream and outlet valves closed, and a slow flush through upstream and side valves for 1 min with outlet valve closed.2 Finally, the pump was stopped, the side valve closed, the outlet valve opened, and flow through the channel initiated by turning on the infusion pump.
The sickling process was recorded with either a 16-mm Bolex camera (Paillard S.A., Sainte Croix, Switzerland) (on constant voltage power supply so that framing rate is constant) or a Javelin time-lapse videotape recorder (1Model X-400, Los Angeles, Calif.) and Odetics timedate generator (Model G77, Anaheim, Calif.). The instant at which flow begins was readily observed since the cells adhering to the glass cover slip immediately deform into teardrop shapes (9) . Because of the very small fluid shear stress in these experiments (about 1 dyn/cm2), only a small amount of cellular elongation occurred, no tethers were formed, and few, if any, cells were detached from the surface by the flow (9, 10). The time from the instant of initiation of flow was measured either by counting frames on the 16-mm film (18 frames = 1.0 s) or by noting the digital time reading (in 0.01-s increments) recorded on the video tape and viewed on a television monitor.
With the 25 X Planochromat dry phase contrast objective (Zeiss), a field of approximately 200-250 erythrocytes was recorded. Individual discoidal red cells were tracked in time. Irreversibly sickled cells (ISC's) were excluded because it was more difficult to appreciate their morphologic changes, and their sickling times appeared extremely rapid. In the SS patients studied, the percentage of ISC's was less than 10%. The sickling time was that time interval between the initiation of flow and onset of morphologic changes. Morphologic change was identified by distortion of the cell surface. At the completion of sickling (usually less than 0.5 s after onset), a variety of cell shapes was recognized-holly leaf forms, contracted forms with surface projections, and true sickled shapes-and the cell was very rigid in all cases; the latter was verified in some instances by increasing the flow rate and noting that no cellular deformation occurred. Since a cell's morphologic changes were readily reviewed by replaying the film or tape, any question concerning the onset of morphologic distortion was easily resolved. In calculating the percentage of cells sickling during any time interval, the total number of initially discoidal cells under observation was used. In all studies, the experiment was recorded until more than 75% of the cells had sickled.
To study deformability (9-11), the flow of deoxygenated PBS w\,as oscillated by manually turning the speed control on the Harvard pump between zero and a maximum value at the rate of 0.5 cycle/s. A 100 X planachromat oil immersion phase contrast objective was used. From the 16-mm film, the maximum length of a particular cell during each cycle was measured before morphologic sickling and this length was compared to the undeformed (zero flow) length of the cell.
All studies were performed at room temperature except for a series of experiments performed in a constant-temperature standing incubator. For these latter studies, all solutions were placed in the incubator at the desired temperature for 1 h before the initiation of sickling. The temperature of the effluent from the flow channel was miomitored throughout the procedure with a thermistor Tele-2 The only way that dithionite molecules could enter the channel at this point would be by molecular diffusion. In a 1-min time period, Eq 5 in the Appendix predicts a diffusion distance of approximately 0.06 cm, a value which is negligible compared to the total channel length. quired for morphologic sickling to begin and not by the time required to remove oxygen, which, of course decreases as the flow rate increases. Based on these results, a "standard" flow rate of 0.25 ml/s was chosen and all experiments were performed at this standard flow rate unless otherwise noted.
Sickling time vs. dithionite concentration. At the standard flow rate, the effect of decreasing the standard dithionite concentration (2.5 g/liter) was determined for SS cells from three patients. In all cases, 0.5-s histogram intervals were used. No change in the measured too was observed for concentrations between 2.5 and 0.31 g/liter (1.44 X 10' and 1.79 X 10' M). In one experiment, the dithionite concentration was decreased to 0.125 and 0.05 g/liter (7.18 and 2.87 X 10-4 M), and this resulted in an increase in the measured t,% from 2.8 s to 4.2 and 7.1 s, respectively.
Typical time for deoxygenation. Sickling times, measured from the initiation of flow, must be corrected for the delay in achieving deoxygenation of the channel. A corrected too could be calculated from the measured too simply by subtracting the mean transit time (f ) defined as the time required to replace 1 vol of fluid. At the standard flow rate of 0.25 ml/s, t = 0.4 s. However, at the low Reynolds numbers which occur in these experiments (at 0.25 ml/s the Reynolds number in the channel is 25), the flow is laminar and the velocity profile becomes parabolic within a short distance from the entrance and within a very short time after the initiation of flow (see Appendix). Since the velocity of the fluid near the wall where the cells are located is quite small compared to the average or mean flow velocity, diffusion perpendicular to the direction of flow is very important in determining the time required to introduce dithionite and remove oxygen from the region where the cells are located (see Appendix).
In the conductivity experiments performed at the standard flow rate, no change in the voltage drop across the electrode was observed until 0.5 s after the initiation of flow. At 0.53 s ( 3 Sickling times of SS erythrocytes. Each histogram represents the results of a separate loading of the flow channel with a sample of SS erythrocytes prepared on the day of study and exposed to identical temperature and buffer osmolality. The too shown is the corrected too. Experiments were performed at flow rate of 0.25 ml/s (t = 0.4s ). Fig. 10 shows that the too decreased as the temperature increased. However, this temperature effect was greatly accentuated in the cells sickling in hypotonic medium.
At 230C the t5o of cells in hypotonic medium was approximately one-fifth of the too at 130C; whereas, the cells in isotonic medium experienced only a reduction in t5o of one-half for the same temperature changes.
The relationship between temperature and osmotically induced changes in MCHC is also manifest in the sickling times of trait cells (Fig. 11) . The same sample of AS cells was deoxygenated at three different buffer osmolalities and three different temperatures. As the buffer osmolality increased, the relative changes in too between two temperature points is diminished. In addition, the temperature increase from 180 to 270C produced a much greater decrease in two than the increase from 270 to 340C.
DISCUSSION
At the flow rates employed in these studies, sickling times were independent of flow rate and, therefore, were not biased in the direction of longer times, as would occur in a diffusion-limited system. As a reaction-limited process, sickling consists of at least two major processes: the conversion of hemoglobin from the oxygenated to the deoxygenated state and the subsequent gelation of hemoglobin molecules into long fibers. it is apparent that the gelation of sickle hemoglobin is the rate-limiting process in the sickling phenomenon.
The onset of cell deformation was used to identify the sickling event. In another study of sudden deoxygenation of sickle erythrocytes with dithionite solutions, Messer and Harris (5) suggested that altered rheologic behavior precedes morphologic sickling. Their conclusion was based on the reduction in filtration through Millipore filters within 0.12 s after deoxygenation. The data on filtration, however, might be interpreted differently. Even in the fully oxygenated state, 85% of cells from patients with sickle cell anemia did not pass through the filter. Hence, the filtration behavior of only 15% of the cells was measured. After 0.12 s of exposure to dithionite and a collection period of 5 s, filtration recovery was reduced to 2%. Although the exposure to dithionite was 0.12 s before the cells entered the filter, the collection period of 5 s during continuous flow is sufficient to permit sickling of some of the initially retained cells. Retained cells that were initially deformable might possibly allow other cells to slip by, but once they sickled, filterability would be affected. Thus, the altered filterability might represent increased blockage of the filter meshwork by retained cells with fast sickling times. The situation is analogous to fixing cells with glutaraldehyde after they have entered the filter. hemoglobin, and thereby an early manifestation of the sickling process. We have observed the flicker phenomenon during deoxygenation under a variety of conditions. Flicker persisted up to the time of complete cell deformation, even though cell deformation required approximately 0.5 s for completion during rapid deoxygenation. Subtle changes in red cell deformability or internal viscosity may precede the morphologic event that we have used as the cellular index of gelation of sickle hemoglobin. However, from our observations of periodic cell deformation and sickling during flow oscillation, cells exhibit normal deformation until morphologic sickling begins. Thus, we conclude that erythrocyte sickling is a two-step process. During the first step, or lag period, the viscosity of the hemoglobin solution inside the cell is unaltered since the cell's ability to deform is unaltered. For SS cells the first step is on the order of 2 s. In the second step, cell deformation occurs and is completed within 0.5 s, approximately an order of magnitude faster than the first step. The lag time between deoxygenation and the onset of morphologic sickling is analogous to the initial slow prenucleation or pregelation phase of purified sickle hemoglobin (17) (18) (19) , and the actual duration of cell deformation corresponds to the rapid process of gelation.
Sickling Times of Erythrocytes
Bookchin et al. (20) observed that the reduction in erythrocyte sickling at higher pH was independent of the pH effect on the oxygen affinity of hemoglobin. Our studies demonstrate that pH can also alter the time required for individual cells to sickle. Under the conditions of rapid deoxygenation with dithionite, it is unlikely that the observed effect of pH on sickling times was due to changes in the kinetics of hemoglobin desaturation. The sharp increase in t5o when cells were deoxygenated in buffer at pH greater than 7.4 suggests that the resultant alterations in the charge of amino acids disturb the interactions which promote sickling. Although the data suggest that alkalosis would be beneficial in aborting painful crises, a recent controlled clinical trial failed to demonstrate the efficacy of alkali therapy (21) .
Buffer osmolality was a potent factor in altering the t50. Murphy et al. (22) have stressed the importance of the associated decrease in intracellular pH when the MCHC is increased by exposure to NaCl. Based on their data, the maximum change in MCHC in our studies would result in less than 0.05 increase in pH. Is the MCHC the major determinant of the t6o for the osmotically altered cells, as well as for the density-separated cell fractions? A number of factors could account (17) found that the latent period for aggregation of sickle hemoglobin solutions was markedly temperature-dependent. Deoxygenated hemoglobin solutions initially at 20C were warmed to temperatures between 13 .60 and 250C. The first detectable increase in viscosity occurred after a latent period of several minutes for the sample warmed to 250C, whereas the latent period was more than 14 h for the sample raised to 13.60C. From calorimetric and optical studies of hemoglobin solutions subjected to a step change in temperature, Hofrichter et al. (19) have also identified a delay time that is strongly temperature-dependent. They report that a 10C temperature rise in the range 20-300C almost halves the delay time. It must be emphasized that the greatest hemoglobin concentration at which these and similar gelation studies were performed was 23.3 g/100 ml. This sickle hemoglobin concentration is far below that present in the red cells of SS patients. Our studies indicate that hemoglobin concentration (as modified by osmotically induced alterations in MCHC) is very important in the expression of a temperature effect. At lower sickle hemoglobin concentrations, as in 4S erythrocytes or SS erythrocytes suspended in hypotonic buffer, the sickling times were greatly accelerated by increases in temperature (i.e., there is a high "apparent" activation energy). How- ever, the MCHC of SS cells in isotonic buffer and the osmotically induced high MCHC's of AS cells dampened the magnitude of the effect of elevated temperature on sickling times (i.e., the apparent activation energy was less). Overall, the apparent activation energies calculated from the t5o measurements ranged from approximately 70 to 10 kcal/mol. In the more precise measurements made with dilute hemoglobin solutions, activation energies as high as 90 kcal/mol have been reported (19) . The concentration of sickle hemoglobin within the SS red cell may be such an overwhelming factor in determining the cell's sickling behavior that the properties of dilute solutions may not alsways be applicable to the physiologic situation.
The monitoring of individual red cells has highlighted the variable propensity of red cells from the same individual to sickle under identical ambient conditions. It is apparent from the histograms that among SS or AS red cells from the same individual, there are wide differences in the lag period. Some cells can remain at zero Po2 for extended periods of time before sickling occurs. If the kinetics of sickling at zero Po2 are applicable at physiologic Po2's, then the duration of the lag period could determine the cell's fate. Obviously in vivo red cells are not subjected to rapid, total deoxygenation. Nonetheless, those cells that require longer time periods to sickle regardless of ambient Po2 would have a better chance of passing through the microcirculation in a deformable, unsickled state.
WVe agree with Hofrichter et al. (19) that in considering new drugs in the treatment of sickle cell disease, it might be important to develop agents that retard the sickling times of cells, rather than reduce the extent of sickling at steady-state conditions. It is also possible that concentrations of anti-sickling agents, which have little effect on the extent of sickling, could have a major effect on sickling kinetics, and thus be beneficial therapeutically with less toxicity.
APPENDIX

Momentum and mass transfer calculations
Start-utp timse. When the volume flow rate is suddenly changed from zero flow to some finite value, the velocity profile that results will initially be blunt or flat, except at the wall where the velocity is zero. This "plug-flow" velocity profile will eventually develop into a parabolic profile within some characteristic time period to. An estimate for to is given by the characteristic time required for momentum (or mass or energy) to diffuse through some characteristic distance h, which is the channel halfwidth. Thus. to = h2/v, where v is the kinematic viscosity of water (25) . For h = 250 Am and v = 0.01 cm2/s, to is 0.06 s. Since this time is much less than the mean transit time of 0.4 s at the standard flow rate, the time-dependent deviation f rom the steady-state parabolic profile can be neglected.
Entrance length. When fluid with a blunt velocity profile enters a channel, a finite distance or "entrance length" is required before the velocity profile assumes its characteristic parabolic shape. An expression for this entrance length, 1, is given by 1 =0.16 Qh/2 Wv, where Q is the volume flow rate and It' is the channel width (26) . For Q =0.25 cm3/s, h =250 /um, J1 = 0.95 cmn, and v =0.01 cm2/s 1 is 0.05 cm. Since the entrance length is much less than the distance from the entrance to the point where the cells are located (2 cm), the length-dependent deviation from the steady-state parabolic profile can be neglected.
Typical time for deoxvgenation. From the above consideration, it is clear that the velocity profile in the channel is essentially parabolic for all time and distance. Thus, 2 
2
-(h) ] (1) where v', is the velocity in the x-direction parallel to the two channel surfaces, y is the perpendicular distance measured from the center plane of the channel; and Q, TV, and h are as defined above.
From Eq. 1 it is obvious that an expression for the advancement with time t of the leading "edge" of the dithionite "wave front" is given by (2= (2) as long as diffusion of the dithionite relative to the wave front is neglected. 8 is a typical distance, M is the dimensionless slope of the oxygen saturation curve (the change in oxyhemoglobin concentration with dissolved oxygen concentration) and Do is the diffusion of oxygen in hemoglobin (27) . For a = 1 jum, Do = 10-5 cm2/s, and M = 250 (its maximum value, which gives the largest value for r); T is 0.06 s. Since the mean transit time is 0.4 s and the sickling time is approximately 2 s, the diffusion of oxygen from the cells is essentially instantaneous.
